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MEASUREMENT OF BOTH GAS AND PARTICLE VELOCITY 
IN TURBULENT TWO-PHASE FLOW
D. E. Stock, J. T. Jurewicz, C. T. Crowe and 
J. E. Eschback 
Washington State University 
Pullman, Washington 99163
ABSTRACT
A laser-Doppler anemometer was used to measure the 
velocity of both the gas and particles in a turbulent 
two-phase flow for conditions when the distribution of 
the velocities of the two phases overlaps. The veloci­
ties from the two phases are separated by comparing the 
Doppler amplitude to the pedestal amplitude. Results 
of the measure of the gas-particle flow downstream of a 
nozzle mounted in a circular pipe are presented.
INTRODUCTION
In most two-phase flows the velocity of the dis­
persed phase is not the same as the continuous phase, 
and the transfer of momentum, heat and mass between the 
phases depends directly on the relative velocity be­
tween the two phases. For steady laminar flow and 
fully developed turbulent flow it is possible to predict 
by either analytical or by empirical methods the 
transfer of momentum, heat and mass between the phases 
as well as the overall transfer between the fluid and 
the boundaries of the system. In the general case of 
developing or turbulent flows, accurate empirical 
methods do not exist and analytical methods are limited 
by the difficulty of modeling the turbulent gas-particle 
interaction.
General numerical methods of predicting subsonic 
gas-particle or gas-droplet flows have been developed 
at Washington State University. These programs account 
for the heat and mass transfer between the particles 
and the gas and also Include the momentum coupling 
between the gas and particles. The numerical scheme 
has been used to analyze cyclone separators (Crowe and 
Pratt, 1973), electrostatic precipitators (Stock and 
Crowe, 1974), heat transfer in sudden expansions (Crowe 
and Stock, 1975) and droplet spray injection (Crowe, 
1974). In some cases it has been possible to compare 
the overall gross predictions of the numerical schemes
with published data, but it has not been possible to 
compare the detailed predictions because of the lack of 
experimental data.
This paper presents a method of simultaneously 
measuring both the gas velocity and particle velocity 
and therefore a means of obtaining the information 
needed to evaluate the accuracy of the numerical methods. 
Measurements of this type will also aid in developing 
better models to predict turbulent gas-particle inter­
actions.
MEASUREMENT TECHNIQUES
Many techniques have been employed to measure 
velocity in two-phase flow fields (Soo, 1967; Boothroyd, 
1971). In general these methods measure the velocity 
of only one phase and have limited frequency response 
and poor spatial resolution. Photographic techniques 
have been used to measure the velocity of the dispersed 
phase. In general these techniques are very time- 
consuming and not very accurate because the experimen­
tal data must be differentiated to determine velocity.
The laser-Doppler anemometer (LDA) measures the 
velocity of particles In a flow field. Most applica­
tions use small particles (on the order of 1 urn) as 
scattering centers and assume the velocity of the 
particles to be the same as the gas. For such applica­
tions the LDA provides accuracy and spatial resolution 
equivalent to a hot-wire anemometer. The same system 
used to measure the velocity of small particles can be 
used also to measure the velocity of larger particles 
(at least up to 100 urn). E1nav and Lee (1973) used an 
LDA to measure the velocity of both liquid and solid 
particles 1n a laminar flow along a flat plate. In 
their flow field the velocity of the liquid and the par­
ticles did not overlap and had a very narrow distribu­
tion because the flow was laminar and the large parti­
cles were of uniform size. Since the Doppler frequencies 
from the two phases were well resolved, the signal from 
each phase could easily be separated and the correspond­
ing velocity determined.
Carlson and Peskin (1975) used an LDA to measure 
the velocity of 214 um particles 1n a square duct. The 
gas velocity was measured by seeding the flow with 
contaminate material of less than 10 um In diameter.
For their conditions the velocity of the two phases did 
not overlap and so the signals could be separated.
Tests also were conducted using 44 um particles, but 
with these particles It was not possible to separate 
the signals for the two phases, so only the velocity of
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44 ym particles was measured. The gas velocity was 
assumed to be the same as without the particles.
TEST FACILITY
The test facility shown in Figure 1 was used to 
produce a turbulent gas-particle flow with the two 
phases moving at the same velocity at certain axial 
locations and at different velocities at other loca­
tions. The air, supplied from a large compressor and 
storage tank, was split into three sources, each with 
its own pressure regulator and control valve. The main 
flow passed through a flowmeter, then through a filter, 
which removed all particles larger than 0.1 pm, and 
finally into the top of a 10cm plexiglas tube. The 
other two lines passed through a flowmeter and then 
through a fluidized bed particle feeder before entering 
the top of the flow tube. Approximately 2% of the flow 
passed through the fluidized beds. The main flow tube 
was fitted with three screens to straighten the flow 
before it passed through an orifice with a 2.5 cm 
throat. The measurements were taken in the region 
below the throat. The flow tube was mounted on a 3- 
dimensional traversing mechansim which allowed measures 
to be made at any location in the tube without moving 
the LDA.
LASER-DOPPLER ANEMOMETER
The LDA configuration used in this work is shown 
in Figure 2. The LDA was operated in the dual-beam 
(fringe) mode using forward scattering. Light from the 
5 mW, He-Ne laser was divided into two parallel beams 
and focused to a point forming the measuring volume 
with a 60 cm lens. This geometry produces a fringe 
pattern with 8pm spacing between fringes. The collec­
ting optics and photomultiplier were placed slightly 
off axis to avoid reflected light from the tube wall.
The counting-type signal-processing system used 
with the LDA is shown schematically in Figure 3. The 
band-pass filter was used to remove the Doppler pedes­
tal and high-frequency noise. The incoming signal, 
after band-pass filtering, was examined visually on a 
storage oscilloscope to verify that the signal con­
tained 10 complete Doppler frequency cycles. If the 
signal was valid, the average period for 10 cycles was 
read from the counter and entered into a computer pro­
gram via a teletype. The signal from the amplifier 
(the Doppler signal with the pedestal still present) 
also was displayed. As explained below, by comparing 
the amplitude of the signal before and after band-pass
filtering it was possible to determine if the signal 
came from a small particle (on the order of 1 ym) which 
follows the gas flow or a large (on the order of 60 ym) 
particle which does not necessarily follow the flow. A 
key letter was entered with the value of each Doppler 
period to indicate if the particle was large or small. 
The computer program sorted the data into two files, 
one for large particles and one for small, and then 
converted the period to velocity and accumulated the 
mean and standard deviation for 100 samples at each 
location for both large and small particles.
PHASE VELOCITY DETERMINATION
A typical LDA signal from a particle with a diame­
ter less than the fringe spacing and a signal from a 
particle with a diameter 7 to 8 times the fringe spac­
ing are shown on Figure 4. It can be seen that the 
ratio of the amplitude of signal before and after band­
pass filtering can be used to separate the two classes 
of particles. The small particles have a ratio of 
about 1 and the large one a ratio of about 5. Farmer 
(1972) shows that it is possible to determine particle 
size by comparing the Doppler part of the signal (AC) 
with the pedestal (DC). However, his analysis is only 
valid for particles with diameters less than the fringe 
spacing. Since our interest was in particles which 
were both smaller than the fringe spacing and much lar­
ger than the fringe spacing, Farmer's method was not 
applicable to our experiment. Haertig and Fleck (1974) 
show that it is possible to distinguish large particles 
from small ones by the size of the Doppler pedestal, 
and they use this technique to eliminate the signals 
originating from large particles.
In our application the gas was seeded only with 
particles of two sizes--smal 1 particles which followed 
the flow and had a diameter less than the fringe spac­
ing and large particles which were much wider than the 
fringe spacing. When there was no flow from either 
fluidized bed particle feeder, no LDA signals were re­
ceived. When only the bed containing the small par­
ticles was used, all the signals received were similar 
to the typical large-particle signal shown in Figure 
4. When only the bed containing the small particles 
was used, signals were typical of small particles. 
Initially, some of the signals from a flow containing 
only small particles looked like large particle sig­
nals. This was attributed to particle agglomeration, 
and changes in the fluidized bed particle feeder 
corrected this problem.
92
During the actual data-taking it was found that, 
by adjusting the amplification of the unfiltered and 
filtered signal and by triggering off the filtered 
signal, small and large particles could be distin­
guished by observing the amplitude of the unfiltered 
signal. In cases where the signal did not clearly fit 
the pattern for small particles or large particles, 
the reading was considered invalid and was rejected. 
Haertig and Fleck (1974) reported a similar method of 
separating signals.
EXPERIMENTAL RESULTS
Figure 5 shows the expected size and location of 
the recirculation zone downstream of the nozzle. Also 
shown are the axial locations of the measuring sta­
tions. The size of the recirculation zone and the 
other numerical predictions used in this paper were 
made with a modified version of the Teach Turbulent 
program developed at Imperial College (Gosman and Pun, 
1974). This general two-dimensional code for parabolic 
flows was modified to also calculate particle trajec­
tories (Crowe, Sharma and Stock, 1975) as well as the 
coupling between the particles and the gas. No effort 
was made to optimize the program for this particular 
flow field; instead, it was used only to show the 
general trend one should expect.
Figure 6 shows the axial velocity of both the gas 
and the 60pm-diameter particles. In the nozzle the 
particles lag the gas flow, but farther downstream the 
particle velocity exceeds the gas velocity, as the gas 
decelerates faster than the particles. Farther down­
stream the particle velocity remains about 0.6 cm/sec 
higher than the gas due to the terminal velocity of the 
6ym particles in the earth's gravity field. Figure 8 
compares the measured velocities with the numerical 
prediction scheme. Radial velocity profiles at 1.25,
15 and 38 cm from the nozzle are shown in Figure 7. No 
measurements were made in the recirculation zone be­
cause Bragg calls for frequency shifting the light were 
not employed during this initial stage of the program. 
The turbulence intensity at the measuring station 
1.25 cm from the nozzle exit was 10% for both the gas 
and particles. It increased to 20% at 15 cm downstream 
and to 33% at 25 cm from the nozzle. In all cases 
there was no significant difference between the turbu­
lence intensity of the particles and that of the gas.
CONCLUSIONS
It has been shown that it is possible to measure 
the velocity of both the gas and the particles even 
when the velocity distribution of the two phases over­
laps. These measurements are possible when only two 
sizes of particles are present in the flow field -- 
small particles which follow the flow and have a dia­
meter less than the fringe spacing and large particles 
which represent the disperses phase and have a diameter 
at least several times larger than the fringe spacing.
We are presently building a signal-processing 
system which will distinguish between large and small 
particles. This unit will act in conjunction with a 
counting-type signal-processing unit. Information from 
both systems will be fed to a micro-computer which will 
control the data acquisition and processing. Such a 
system will allow a point in the flow field to be 
measured in several minutes instead of the 30 minutes 
required by the present system.
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DISCUSSION
John Sullivan, Purdue University: This scheme seems 
to work very well where you have such a large dis­
crepancy in particle size, a factor of 60, in fact.
The problems you've mentioned in the beginning of your 
article are the electrostatic precipitators, cyclone 
precipitators, where one has a very wide distribution 
of particle sizes and particle velocities, from 0.5 
microns to 500 microns. Can you comment on what you 
can do with a particle size distribution?
Stock: The scheme we have demonstrated in this paper 
should only be used with particles that have a bimodal 
distribution and that do not overlap in size. Al­
though we know there is definitely a need for systems 
that will work over a wide range of particle sizes, we 
do not have such a scheme yet. At the present time, 
we also feel that the scheme developed by Fanner is too 
restrictive and is operational over too narrow a size 
range to be completely useful for our purposes.
Sullivan: Some of the schemes like Farmer's, although 
it needs to be refined somewhat, are still only op­
erable over a factor of maybe 10 to 1, or 15 to 1.
Yet the really important problems go over factors in 
the thousands in size. One other question, what par­
ticles did you use? What were they?
Stock: The one micron particles were alumina and the 
60 micron particles were glass beads.
Lars Lading, Danish Atomic Energy Commission: What 
kind of concentration did you have?
Stock: During this set of tests, we did not measure 
the concentration of the small or of the large part­
icles, but we know both loadings were very low. We 
feel that, in this case, both loadings were low enough 
so that the effect of the particles on the gas will be 
minimal.
Lading: You essentially relied on having only one 
particle at a time in the measuring volume.
Stock: Yes.
Lading: There is an ambiguity 1n the determination of 
the size when you exceed a certain size, essentially 
this ratio you talk about goes like the first order
Bessel function divided by its argument and after the 
first zero you get an ambiguity and you are certainly 
in trouble if you want to determine spectra with size 
ranges going one to a thousand.
Stock: Again, in our work, we used only a bimodal 
distribution. We did not try to work with continuous 
distribution of particle sizes. There are, as you 
pointed out, ambiguities with a continuous size dis­
tribution. We feel that this is an area that should 
be looked at in the future, and, if a system could be 
developed that would allow particle size distribution 
over wide ranges, it would greatly enhance all the 
experimental work in gas particle flows.
J. Delhaye, Centre d'Etudes Nucleaires de Grenoble:
Did you measure the solid fraction and if yes, did you 
compare the results with the solid flow rate?
Stock: No, we didn't.
Delhaye: What is the maximum particle size and what 
is the maximum concentration that you can measure?
Stock: We haven’t tried to optimize the particle size 
or the concentration.
Delhaye: Have you tried to make some measurements 
with liquid droplets.
Stock: We haven't yet.
Barclay Jones, University of Illinois: We've been 
making some measurements with different techniques 
for following the trajectory of the particle in the 
turublent flow stream and are familiar with some of 
the Ideas that you have described. These are dilute 
suspensions. In the analytic work that you were doing, 
did you use the Basset-Bouss1nesque-0seen equation, 
and if so were all the terms included?
Stock: In our analytical work, we are only including 
aerodynamic drag forces 1n the particle trajectory 
equations. The other terms in the Basset-Boussinesque- 
Oseen equation are extremely small because we are 
working with gas particle flows and these terms are all 
multiplied by the ratio of the density of the gas to 
the density of the particles. In liquid flows, the 
other terms would be important and must be included.
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Jones: I want to point out that from the BBO equa­
tion, if one includes all the terms and specifies the 
fluid environment in which you are monitoring the 
particles, that you can predict how particles will 
respond to the specified velocity field. When you are 
in the heavy particle range, such as you are, the anal­
ysis becomes somewhat simpler and we have been able to 
predict correlations and dispersions for wind tunnel 
results that were taken by Snyder and Lumley and to 
show good agreement. We have made similar measurements 
in water and for non-heavy particles we show good 
agreement. Your paper is interesting in that it shows 
another novel scheme for monitoring particle motion in 
a turbulent fluid field. In addition, I think there 
is adequate analysis so that you can make a very good 
prediction of how the particles you're considering 
should respond to the rather rapid change of fluid 
veloci ty.
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